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ABSTRACT
The potential use of laccase in an advanced oxidation-based treatment technology to
remove 2,4-dimethylphenol from buffered distilled water was investigated both in
presence and absence of the additive, polyethylene glycol (PEG). Alum was used for
enhanced coagulation and flocculation. The insoluble products were separated from the
solutions both by gravity and through filtration. Experiments were carried out in aqueous
buffered batch systems. All reactors were stirred continuously for 3 hours after the
reaction was initiated by adding sufficient enzyme to achieve more than 95% conversion.
More than 95% of initial 2,4-DMP ( 1.0 to 3.0 mM) was removed under optimized
conditions. Parameters optimized include pH, enzyme concentration, PEG concentration.
.For higher substrate concentrations (4mM and higher), removal efficiencies dropped
because of lack of enough dissolved oxygen. Additional oxygen was then provided to the
reactants through the addition of hydrogen peroxide with catalase, by increased stirring
and by bubbling air through the solutions, and, for selected runs, 95% removal of the
substrate was achieved.

iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

DEDICATION
I would like to dedicate this thesis to ’’Thakur Sree Ramakrishna Paramhangsha, Sree
Sree Ma Saradamani and Swami Vivekananda” and to my parents, Mr. Prabhas Kumar
Ghosh and Ms. Manjushri Ghosh who guided me in the right direction throughout my life
and ingrained in me the passion for achieving the desired goals and objectives.
Special thanks to Dalia and her family for their love and support that have been extended
to me and to my family throughout the course of this study.

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ACKNOWLEDGEMENTS
I would like take the opportunity of thanking my supervisors Dr. K. E. Taylor, Dr. N.
Biswas and Dr. J. K. Bewtra for their time, guidance and financial support. Special
thanks to Dr. Bewtra for his suggestions and constructive ideas from an engineering
perspective throughout the course of this research. I would also like to thank Dr. S.
Ananvoranich for reviewing my work as an external examiner. Special thanks to Dr. P.
Henshaw for his participation in my examination committee.
I would like to express my gratitude to all my friends in the enzymology research group.
Their suggestions, comments and support are deeply appreciated. I am grateful to Mr.
Nabakumar Konar and his family for their support and encouragement.
Finally, I am grateful of the funding provided to my supervisors by the Natural Sciences
and Engineering Research Council (NSERC) of Canada and the financial support
received from the Department of the Civil and Environmental Engineering and the
University of Windsor Scholarship program.

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLE OF CONTENTS
ABSTRACT..................................................................................................................iii
DEDICATION.............................................................................................................. iv
ACKNOW LEDGEMENTS........................................................................................ v
LIST OF T A B L E S ...................................................................................................... ix
LIST OF F IG U R E S..............................................................
x
LIST OF A B B R E V IA T IO N S................................................................................ xiii
1.0 INTRODUCTION................................................................................................... 1
1.1 Enzymatic Treatment......................................................................................................... 2
1.1.1 Enzym es....................................................................................................................... 2
1.1.2 Application of Enzymes in Wastewater Treatm ent................................................2
1.1.3 Enzyme-Substrate Interaction...................................................................................3
1.1.4 Advantages of Enzyme-Based Treatm ent............................................................... 4
1.1.5 Disadvantages of Enzymatic Treatm ent.......................................................
4
5
1.2 O bjectives................................................
1.3 Scope.................................................................................................................................... 5
1.3.1 The Substrate...............................................................
5
1.3.2 The Enzyme................................................................................................................. 5
1.3.3 Dissolved Oxygen Concentration............................................................................. 6
1.3.4 Reaction Conditions....................................................................................................6
1.3.5 Reaction and Sedimentation Tim e............................................................................6

2.0 LITERATURE REVIEW ......................................................................................7
2.1 Substrate (2, 4-dimethylphenol) B ackground................................................................ 7
2.1.1 2,4-DM P.......................................................................................................................7
2.1.2 Physical and Chemical Properties o f 2,4-DM P...................................................... 7
2.1.3 Industrial application of 2,4-DM P............................................................................ 8
2.1.4 Sources of 2,4-D M P.................................................................................................. 9
2.1.5 Effluent D ischarge......................................................................................................9
10
2.1.6 Environmental Fate..........................................
2.1.7 Toxicity D ata............................................................................................................. 11
2.1.8 Health H azards..........................................................................................................11
2.1.9 Environmental H azard............................................................................................. 12
2.2 Prevailing Wastewater Treatment Technologies and Disadvantages........................ 12
2.3 Application o f Enzymes in Wastewater Treatment......................................................13
2.3.1 Enzymatic Treatment vs. Conventional Biological Treatm ent.......................... 14
2.4 Enzyme C atalysis............................................................................................................. 15
2.5 Enzyme Stability.............................................................................................................. 17
2.5.1 Temperature............................................................................................................... 18
2.5.2 p H ................................................................................................................................18
2.5.3 Organic Solvent.........................................................................................................18
2.6 Dissolved O xygen............................................................................................................ 19
2.7 Feasibility of Enzymatic Treatment of W astewater.....................................................19
2.8 Oxidative Coupling of Aromatic Amines by Peroxidases.......................................... 20
2.9 Application of Laccase in Wastewater Treatm ent.......................................................21
2.10 PEG E ffect......................................................................................................................23

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3 .0 M A T E R IA L S , E Q U IP M E N T A N D M E T H O D S ............................................26
3.1 M aterials............................................................................................................................26
3.1.1 Laccase (SP-504)......................................................................................................26
3.1.2 Substrate, 2,4-dimethylphenol................................................................................ 26
3.1.3 Aluminium sulfate....................................................................................................26
3.1.4 Sodium Bicarbonate................................................................................................. 27
3.1.5 Polyethylene Glycol (PEG)...................................
27
3.1.6 Hydrogen peroxide.................................................................................................. 27
3.1.7 C atalase......................................................................................................................27
3.1.8 B uffer......................................................................................................................... 27
3.2 Equipment......................................................................................................................... 28
3.2.1 pH meter.......................................
28
3.2.2 Spectrophotometer.............................................
28
3.2.3 HPLC (High Performance Liquid Chromatography)..........................................29
3.2.4 Syringe-filters........................................................................................................... 29
3.2.5 M icropipette
......................................................................................................29
3.2.6 Oxygen monitor........................................................................................................ 29
3.2.7 Biological Oxygen M onitor....................................................................................29
3.2.8 Vortex M ixer.............................................................................................................30
30
3.2.9 Stir plates.....................................................
3.2.10 Softw are.................................
30
3.3 Experimental Protocol.....................................................................................................30
3.3.1 Effect of Temperature and p H ................................................................................ 32
3.3.2 Enzyme Concentration.............................................................................................32
3.3.3 PEG addition.............................................................................................................32
3.3.4 Dissolved oxygen availability................................................................................ 33
3.3.4.1 Aeration with atmospheric oxygen................................................................ 33
3.3.4.2 Hydrogen Peroxide Addition...........................................................................34
3.3.4.3 Hydrogen Peroxide and Catalase A ddition................................................... 34
3.3.4.4 High Stirring R ate.............................................................................................34
3.3.4.5 A eration..............................................................................................................34
3.4 Analytical M ethods......................................................................................................... 35
3.4.1 Substrate Concentration A ssay............................................................................... 35
3.4.1.1 Direct Absorbance (DA) of UV L ig h t...........................................................35
3.4.1.2 HPLC A nalysis................................................................................................. 35
3.5 Minimization of E rro rs.................................................................................................. 36
3.5.1 Systematic Errors......................................................................................................36
3.5.2 Random Errors.......................................................................................................... 36
4 .0 R E S U L T S A N D D IS C U S S IO N ..............................................................................41
4.1 The effect of pH on 2,4-DMP removal......................................................................... 42
4.2 Effect of Enzyme Concentration on 2,4-DMP Removal Efficiency.........................42
4.3 Solids Separation..............................................................................................................49
4.4 Conversion vs. Rem oval:................................................................................................ 50
4.5 PEG E ffect........................................................................................................................ 53
4.5.1 p H ...............................................................................................................................53
4.5.2 Enzyme Concentration.............................................................................................53

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4.6 Dissolved O xygen....................
62
4.6.1 Diffusion of Atmospheric O xygen.........................................................................62
4.6.2 Oxygen-Substrate R atio...........................................................................................65
4.6.3 Addition of Excess Oxygen..................................................................................... 66
4.6.3.1 Hydrogen Peroxide Addition......................................................................... .66
4 . 6 . 3.2 Hydrogen Peroxide with Catalase Addition ..........................
68
4.6.3.3 Higher Rate of Stirring...............
68
4.6.3.4 Bubbling Air through the Reactor................................................................... 70
4.7 Error A nalysis.................................................................................................................. 74

5.0 CONCLUSIONS AND RECOM M ENDATIONS..................................... 78
5.1 Conclusions....................................................................................................................... 78
5.2 Recommendations............................................................................................................79
REFEREN CES
..............................
82

APPENDIX - A ..........................................................

96

A P P E N D IX -B ..................
100
V IT A A U C T O R IS .............................................................................................................. 104

v iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF TABLES
Table 1.1: Enzymes and Their Commercial Applications........................................................3
Table 2.1: Physical and Chemical Properties of 2,4-DMP.......................................................8
Table 2.2: Common Treatment Technologies for Aromatic Compounds............................13
Table 3.1 Different Buffers, Reagent and Their pH R anges.................................................28
Table 4.2 : Minimum enzyme concentration required for removal of 95% or more of
initial substrates ranging from 1.0 - 5.0 mM...........................................................................49
Table 4.5.2: Minimum enzyme concentration required for removal o f 95% or more of
initial substrates ranging from 1.0 - 5.0 mM in presence of PE G ........................................56
Table 4.5.3 : Minimum PEG requirement for removal of 95% or more o f initial substrates
ranging from 1.0 - 5.0 mM........................................................................................................ 61
Table 4.6.2: Stoichiometric Requirement of Oxygen for 2,4-D M P.................................... 65
Table 4.7.1: Error Analysis of Experimental R esu lts...........................................................74
Table 4.7.2: Error Analysis of Direct Absorbance M ethods................................................75
Table 4.7.3: Error Analysis on HPLC Methods..................................................................... 76
Table 4.7.3: Error Analysis on Dissolved Oxygen Probe.....................................................77

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF FIGURES
Fig 2 .l.a: Rate of Reaction Determined By Activation Energy Barrier Between Substrate
and Product, Source - (Walsh, 1979)....................................................................................... 15
Figure 2.1.b: Action of Chemical Catalyst to Lower Ea and Increase rate of reaction

16

Fig 2.2: Possible Action of Enzymatic Catalyst to Lower Ea and Replace one Large
Activation Barrier with Multiple Lower B arriers................................................................... 17
Figure 3.3.4.5: Schematic diagram o f air bubbling system................................................... 38
Figure 3.4.1.1.a: Filtration followed by enzymatic reaction and quenching

........... 39

Figure 3.4.1. Lb: Enzymatic reaction followed by alum treatm ent...................................... 40
Figure 4. La Removal of 2,4-dimethylphenol as a function o f enzyme concentration and
pH in aqueous batch system (Analytical Method - DA)........................................................43
Figure 4.2.a: Removal of 2,4-dimethylphenol as a (unction o f laccase concentration ( A
comparison of filtered and alum treated sample by DA - A nalysis)...................................45
Figure 4.2.b: Effect of Enzyme Concentration on the Removal o f 2,4-dimethylphenol
ranging from 1.5 mM to 5.0 mM, with supplemental oxygen for 4.0 and 5.0 mM
(Analytical Method - D A )......................................................................................................... 46
Figure 4.2.c: Effect of Enzyme Concentration on the Removal o f 2,4-dimethylphenol 4.0 mM without supplemental oxygen (Analytical Method - D A ).................................... 47
Figure 4.2.d: Effect of Enzyme Concentration on the Removal o f 2,4-dimethylphenol 5.0mM without supplemental oxygen (Analytical Method - D A )...................................... 48
Figure 4.3: Effect of Alum Concentration on the Removal o f 2,4-dimethylphenol
(Analytical Method -D A ).......................................................................................................... 51

x

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 4.4: Removal of 2,4-dimethylphenol as a function of laccase concentration (A
comparison of filtered and alum treated sample by HPLC analysis)................................... 52
Figure 4.5.1: Removal of 2,4-dimethylphenol as a function pH in aqueous batch systems
with and without PEG (Analytical Method - D A ).................................................................54
Figure 4.5.2.a: Effect of enzyme concentration on the removal o f 2,4-dimethylphenol,
both with and without PEG (Analytical Method - DA).........................................................55
Figure 4.5.2.b: Effect of enzyme concentration on the removal o f 2,4-dimethylphenol in
the presence of PEG for substrate concentration ranging from 1.5 - 5.0 mM. (Analytical
M e th o d -D A )..............................................................................................................................57
Figure 4.5.3.a: Effect of PEG concentration on the removal o f 1 mM 2,4-dimethylphenol
(Analytical Method - DA)......................................................................................................... 59
Figure 4.5.3.b: Effect of PEG concentration on the removal o f 2,4-dimethylphenol
ranging from 1.5-5.0 mM (Analytical Method - DA)............................................................60
Figure 4.6.1.a: Effect of atmospheric diffusion on dissolved oxygen availability over time
for 1 and 4 mM DMP (Enzyme conc. -0.004 U/mL for 1 mM and 0.0175 U/mL for 4
mM, PEG Conc. -30 m g/L )..................................................................................

63

Figure 4.6.l.b: Effect of atmospheric diffusion on the removal of 2,4-dimethylphenol
over time (Analytical Method - D A )....................................................................................... 63
Figure 4.6. l.c: Effect of atmospheric diffusion on dissolved oxygen availability over time
for 4 mM 2,4-DMP and control................................................................................................ 64
Figure 4.6.3.l.a: Effect o f hydrogen peroxide addition at t = 30 min on dissolved oxygen
availability over time (Enzyme conc. - 0.0175 U/mL, Substrate Conc.- for 4 mM, PEG
Conc. -30 mg/L).......................................................................................................................... 67

xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 4.6.3.l.b: Effect of dissolved oxygen on the removal o f 2,4-dimethylphenol over
time, after hydrogen peroxide addition at t=30 min (Analytical Method - D A )................67
Figure4.6.3.2.a: Effect of hydrogen peroxide and catalase addition on dissolved oxygen
profile over time both with and without substrate (Enzyme conc. - 0.0175 U/mL,
Substrate Conc.- for 4 mM, PEG Conc. -30 mg/L, For control H 202 added at t = 20
minutes. Catalase added at t = 40 minutes, With substrate (4 mM) both added at t = 20
m inutes)........................................................................................................................................69
Figure 4.6.3.2.b: Effect of hydrogen peroxide addition, hydrogen peroxide and catalase
addition and control on the removal o f 2,4-DMP over time (Analytical M ethod-D A).... 69
Figure 4.6.3.3.a. Effect of higher stirring rate on dissolved oxygen profile over time
(Enzyme conc. - 0.0175 U/mL, Substrate Conc.- for 4 mM, PEG Conc. -30 m g/L )

71

Figure 4.5.3.3.b Effect of hydrogen peroxide addition, hydrogen peroxide and catalase
addition, higher stirring rate and control on the removal o f 2,4-DMP over time
(Analytical Method - DA)........................................................................................................ 71
Figure 4.6.3.4.a: Effect of air bubbling on dissolved oxygen profile over time (Enzyme
conc. - 0.0175 U/mL, Substrate Conc.- for 4 mM, PEG Conc. -30 mg/L, Air bubbling
started at t = 10 minutes, terminated at t = 90 minutes).........................................................73
Figure 4.6.3.4.b: Effect of hydrogen peroxide addition, hydrogen peroxide and catalase
addition, higher stirring rate, air bubbling and control on the removal o f 2,4-DMP over
time (Analytical Method - D A )................................................................................................ 73

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF ABBREVIATIONS
ARP
BOD
CMP
COD
DA
DMP
DO
EP
ES
E
HPLC
HRP
H20 2
KLa

nm
P
SBP
S
uv

Arthromyces ramosus peroxidase
Biochemical oxygen demand
Coprinus macrorhizus peroxidase
Chemical oxygen demand
Direct absorbance
Dimethylphenol
Dissolved oxygen
Enzyme-product complex
Enzyme-substrate complex
Enzyme
High Performance Liquid Chromatography
Horseradish peroxidase
Hydrogen peroxide
Volumetric mass transfer coefficient
nano meter
Product
Soybean peroxidase
Substrate
Ultraviolet standard test

xiii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1.0 INTRODUCTION

2,4-Dimethylphenol (2,4-DMP) is a toxic pollutant which is found in waste streams as a
result of industrial activities. This pollutant contains two methyl groups in the ortho- and
para-positions with respect to the hydroxyl functional. Methyl- and dimethylphenol are
found in the water-soluble fraction from fuel oils. All six isomers of dimethylphenol are
present in the water-soluble fraction. 2,4-DMP is used in the manufacture of a wide range
of commercial products for industry and agriculture. It also has a wide variety of uses
including solvents, disinfectants, fungicides, dyestuffs, etc (US EPA Office of Water,
1980, www.speclab.com, Klapproth, 1976).
Stringent regulations imposed by regulatory bodies require industries to discharge 2,4DMP as effluent only after a significant reduction in concentration to avoid any
detrimental effect on different compartments of the environment (US EPA Office of
Water, 1980, www.speclab.com). The current removal techniques such as

physical

treatment, chemical treatment and biological treatment suffer from several drawbacks
such as high cost, hazardous by-product formation and also low removal efficiency
(Klibanov et al., 1980). Most of these processes stated above are economically feasible
for treatment of dilute wastewaters, but for both high strength wastes, and sometimes for
very low concentrations of contaminant, these processes can be economically prohibitive
(Aitken, 1993). Hence, in order to overcome these problems, research has been conducted
to explore an alternative approach to treat 2,4-DMP present in wastewater by enzymatic
technology. In this mechanism, enzyme catalysis helps in forming phenoxyl radicals from
donor phenolic molecules which diffuse from the active center of the enzyme into the

1
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solution where they combine with another radical to form oligomers

and higher

polymers (Al-Kassim et al., 1994).

1.1 Enzymatic Treatment
1.1.1 Enzymes
Enzymes catalyze chemical reactions without undergoing any significant changes
themselves (Palmer, 1981). These biological catalysts are composed of proteins. Protein
structure is defined as the series of amino acid residues joined in a polypeptide chain. The
reactants for the enzyme-catalyzed reaction are known as substrates and the site where
the enzyme binds with substrates is the active site. The specific character of an enzyme
helps it to react with one or more substrates to yield one or more particular products
(Palmer, 1981).

1.1.2 Application of Enzymes in Wastewater Treatment
Application of enzymes in removing toxic substances from wastewater was proposed in
the 1930’s (Munnecke, 1976). Klibanov et al. (1980) were the first to develop the
technology of treating individual toxic pollutants from wastewater. Enzyme-based
biocatalysis has a wide range of applications in industrial biotechnology from food
processing to paper manufacturing to the production of textiles as well as in the
development of fine chemicals and more recently in genetic engineering. As a whole, an
increasing dependence has been observed in both fine chemicals and genetic engineering
(Lenesey, 2003). Some of these enzymes used in industries and their applications are
listed in Table 1.1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 1.1: Enzymes and Their Commercial Applications
Enzyme Type

Industrial Application

Proteases

Cheese making
Digestive aids
Meat tenderizing
Beer haze removal
Cereal syrup manufacture
Leather manufacture
Medical uses
Detergents
Starch hydrolysis
Sucrose inversion
Fruit juice clarification
Vinegar clarification
Pulp bleaching

Carbohydrases

Nucleases
Other hydrolytic enzymes

Flavor control
Destruction of toxic or undesirable components in foods
Hydrolysis of cellulose
Candy softening
Brewing

Oxidases

Oxidation prevention and color in foods
Clinical diagnostics
Sterilization of milk
Digestive aids
Dying of lacquer
Glucose or oxygen removal

Sources - (Vieth and Venkatasubramanian, 1973, Bailey and Ollis, 1986)

1.1.3 Enzyme-Substrate Interaction
Enzyme catalysis starts with the formation of a complex between the reactants, which are
known as substrates and the enzyme. This is a fast process and generally takes place in
equilibrium (Walsh, 1978). This complex is known as enzyme-substrate complex (ES),
also known as Michaelis complex, since Lenor Michaelis was the first to voice this
proposal (Michaelis and Menten, 1913). Subsequent catalysis takes place from the ES

3
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complex, rather than a direct bimolecular reaction phenomenon with free substrate in
solution.
catalysis
E + S ~— ► E.S --------►

E. P

----- ►

E+P

The formation of this ES complex does not happen in a topologically random manner
(Walsh, 1978). The enzyme-substrate binding takes place in a particular region, the active
site, in every specific catalytic cycle and catalysis only takes place there.

1.1.4 Advantages of Enzyme-Based Treatment
Usually, biological oxygen demand (BOD), chemical oxygen demand (COD) and total
organic carbon (TOC) have been regarded as the leading pollution parameters monitored
in wastewater treatment. However, with the advancement in technology, removal of
specific pollutants from waste streams has been emphasized which can be observed from
the regulations from different regulatory bodies (Aitken, 1993). Existing physical,
chemical or biological treatments not being specific, in terms of removals of the range of
pollutants during the treatment, have some problem in removing pollutants at low levels.
Since enzymes are specific to their respective substrates, they can remove those
substrates from wastewater with an efficiency better than 99% (Caza et al., 1999, and
Vermette, 2000).
1.1.5 D isadvantages o f E nzym atic T reatm ent.

The major problem in enzymatic treatment technology is the susceptibility of the enzyme
to inactivation (Aitken and Heck, 1998). Different studies on inactivation of peroxidases
report that inactivation can occur for different reasons. Mechanism-based inactivation

4
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involves the reaction between substrate intermediates of the enzyme catalytic cycle and
the enzyme itself (Kohler and Jenzer, 1989; Hiner et ah, 1996). In the case of laccases
there is very little information available on such inactivation. However quantification of
turnover capacity of laccase during removal of phenol was determined by Dasgupta,
(2004) and efforts have been made to reduce the inactivation during the enzymatic
reaction.

1.2 Objectives
The objectives of this study were to:
•

Study the

applicability of laccase

(SP-504)

in

the

laboratory

for the

polymerization and precipitation of 2,4-DMP in an aqueous batch system
•

Optimize the reaction parameters and separation of insoluble polymers.

•

Observe the dissolved oxygen profile during reaction and determine the oxygensubstrate stoichiometry.

1.3 Scope
1.3.1 The Substrate:
The research was conducted on 2,4-dimethylphenol at seven different concentrations,
ranging between 1 and 5 mM.

1.3.2 The Enzyme
Laccase SP-504, a developmental preparation (U S-1999-00091) from the commercial
enzyme producer Novozymes was used at different concentrations as needed.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1.3.3 Dissolved Oxygen Concentration
The initial dissolved oxygen concentration was 8-9 mg/L, at a temperature of 20-22° C.
However higher concentrations of dissolved oxygen were observed upon addition of
hydrogen peroxide with catalase, aeration and with a higher rate of stirring. The dissolved
oxygen profile in the reactor was monitored over time for an oxygen-rich condition
(reactor with ImM substrate concentration) and an oxygen-limited condition (reactor
with 4 mM substrate concentration). The effects of hydrogen peroxide addition with
catalase, aeration and higher rate of stirring, on dissolved oxygen concentration inside the
reactor and subsequent substrate removal for 4 mM and higher substrate concentrations
was studied.

1.3.4 Reaction Conditions
All reactions were carried out in batch reactors at room temperature of 20-25° C, with
buffered synthetic wastewater. The reaction parameters (pH, enzyme concentration,
reaction time.) were optimized in buffered distilled water for a target removal of more
than 90% by the laccase-catalyzed oxidative polymerization of seven different
concentrations of 2,4-DMP with and without PEG at room temperature.

1.3.5 Reaction and Sedimentation Time
Enzymic reaction time for all the experiments related to removal of phenol was kept at 3
hours. The dissolved oxygen consumption was measured over a period of 1-5 hours,
depending upon conditions. To separate solids/insoluble polymers from solution by
coagulation and flocculation, alum (as aluminum sulfate) was used. The durations of
coagulation, flocculation and settling were kept at 30 minutes and 2 hours, respectively.

6
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2.0 LITERATURE REVIEW
2.1 Substrate (2, 4-dime thy lphenol) Background
2.1.1 2,4-DMP
2.4-dimethylphenol (C.A.S 105-67-9) is a substituted phenol which occurs naturally and
can be derived from the cresol fraction of petroleum or coal tars by fractional distillation
and extraction with aqueous alkaline solutions (U.S EPA, 1976, Lowry, 1963, Gruse and
Stevens, 1942, Rudolfs, 1953). It has also been named m-xylenol, 2,4-xylenol, or m-4xylenol (Weast, 1972). It exists as a colorless crystalline solid (Weast, 1972, Benet 1974)
in its normal state. It exhibits weak acidic properties. Physical and chemical properties of
2.4-dimethylphenol are discussed below.

2.1.2 Physical and Chemical Properties of 2,4-DMP
2.4-dimethylphenol (CgHioO) is a colorless crystalline solid with a melting point of 27 0
C to 28 0 C and boiling point of 210 0 C to 212 0 C (760 mm Hg). It is slightly soluble in
water and exhibits the property of weak acid with a pKa value of 10.6. 2,4dimethylphenol dissolves readily in alkaline solutions (Sober, 1970) and organic solvents
like alcohol, ether,

etc. (Weast, 1972). Other physical and chemical properties are

provided in Table 2.1.
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Table 2.1: Physical and Chemical Properties of 2,4-DMP
Information

Property, 2,4-dimethylphenol
Molecular Mass

122.17

Physical state and color

Liquid with light yellow

Density at 2 0 u C

0.9650 kg/L

Vapor density at 52.8 u C
Solubility in water at 20 UC - 2 5 u C
Henry’s law constant
Octanol water partition coefficient

1 (mm Hg)
7870 (mg/L)
2.00 x 10'b
(atm-m3/mol)
2.36 (as LogKow)

Refractive index

1.5400

Soil-Organic carbon/water partition
coefficient
Air diffusivity at 25 u C
W ater diffusivity at 25 u C

2.32 (L/kg ; as LogKoc )

0.584 (mm2/s)
8.69 x 10'4
(mm2/s)
pKa (- Log (acid dissociation constant))
10.6
Odor Threshold concentration
0.001 (recognition in air).
0.0005-0.4 (detection in air).
400 (detection in water).
All re in (mg/m3)
Source - (Weast, 1972, U.S EPA Chemical specific properties, www.speclab.com. U.S
EPA Office of Water, 1980).

2.1.3 Industrial application of 2,4-DMP
2,4-DMP has an important role in producing a wide range of commercial products for
industry and agriculture. The use of 2,4-DMP includes the manufacture of phenolic
oxidants, disinfectants, solvents, pharmaceuticals, insecticides, fungicides, plasticizers,
rubber chemicals, wetting agents and dyestuffs. The use of 2,4-DMP includes the role of
additive or constituent of lubricants, gasoline and cresylic acid. Commercial mixtures for
horticultural formulations are used for the eradication of crown gall tumors and also for
the production of high viscosity phosphate esters, modified phenolic resin, etc. (US EPA
Office of Water, 1980, www.speclab.com).

8
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2.1.4 Sources of 2,4-DMP
As 2,4-dimethylphenol is being used as a feedstock or constituent of a large number of
products, discharge of waste from different chemical and industrial activities is a feasible
mode of its entry into the environment. All six isomers of dimethylphenol are generally
derived from fractionation of petroleum or coal tar acids. Klapproth (1976) observed that
dimethylphenols, methylphenols and phenols are removed from petroleum in the naptha
cracking process and are found in caustic liquor used to wash petroleum distillate.
Significant amounts of dimethylphenols are reported to be discharged in tar water from
shale distillation along with oxybenzene, methylphenols and other phenolic compounds
(Mazzik, 1967). Dimethylphenols were found in relatively high concentration in the
water soluble fractions from fossil-fuel oils. The presence of 2,4-dimethylphenols in
petroleum fractions and coal tars together with its use as a constituent or feedstock for the
manufacture of numerous products, clearly indicate the potential for both point and non
point source water contamination (US EPA Office of W a te r, 1980).

2.1.5 Effluent Discharge
Discharges from biological treatment plants used to treat municipal and industrial wastes
are sometimes reported to be the sources of small quantities of 2,4-dimethylphenol into
the receiving water bodies (US EPA Office of W ater,1980, www.speclab.com).
According to one survey (4000 samples) of effluents conducted by the EPA, covering 46
different

industries,

2,4-dimethylphenol

was

detected

in

six

effluents

(www.speclab.com). In the United States it has been identified in drinking water samples
as well.. It is also identified at a covered waste fill in forest wastes in onsite lagoons,
Michigan, with an estimated concentration of 40-100 pg/L. Investigation of four sites in a

9
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sand aquifer at Pensacola, Florida, underlying a wood preservation facility, reported the
detection of 2,4-dimethylphenol in groundwater at a concentration of 0-5.65 mg/L. A
summary report covering the analysis and occurrence of 2,4-dimethylphenol in effluents
from residential, industrial and commercial effluents shows that it could be present often
and the average level could be as high as 74.0 pg/L (www.speclab.com'). 2,4dimethylphenol has also been found in the leachates from municipal and industrial
wastes, reportedly formed by the degradation of high molecular weight tars and
polymers. Anthropogenic non-point sources of 2,4-dimethylphenol resulted from asphalt
and roadway runoff. (US EPA, 1975, Versar, 1975, Flyvbjerg et. al., 1992).

2.1.6 Environmental Fate
•

Terrestrial Fate: Spilling of 2,4-dimethylphenol on soil can result in moderate
adsorption to soil. The time required for its biodegradation in soil is about 4 days
at 19° C (US EPA, 1975, www.speclab.com).

•

Aquatic Fate: Release of 2,4-dimethylphenol in water may cause adsorption to
sediment and could be readily biodegradable. However, no data are available on
the rate of biodegradation. The half-life as reported should be less than several
days in humic waters due to photo-oxidation by alkylperoxy radicals. Photolysis
may occur on clear surface waters, (US EPA, 1975, w w w .spedab.com).

•

Atmospheric Fate: 2,4-dimethylphenol should degrade photochemically, if it is
released in air. In urban areas, during night time, it would be attacked readily by
nitrate radicals. It is scavenged by wet depositions as is reflected by the presence
of high concentrations in rain water (www.speclab.com).

10
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2.1.7 Toxicity Data
All regulatory resources listed by the EPA termed 2,4-dimethylphenol as “TOXIC” .
According to the US EPA’s Toxics Release Inventory list, 2,4-dimethylphenol is one of
the priority pollutants and it is estimated that the total annual discharge of 2,4-DMP is
around one hundred and sixty thousand pounds per year of which almost all is slated for
onsite disposals (air, water, land, underground injection, surface water discharge, etc.).
Only a small fraction is taken for offsite disposals (landfills, transfer to waste treatment
plants, etc.). California’s Toxic Rule has termed 2,4-dimethylphenol as a toxic pollutant.
They

fixed

the

concentration

for

water

quality

control

at

540

pg/L

(www.waterboards.ca.gov). The Water Quality Control Division of Colorado has
classified

2,4-dimethylphenol as a toxic organic pollutant and requires treatment

(www.cdphe.state.co.us). The National Institute for Occupational Safety and Health
estimated that about 11,000 people in United States are occupationally exposed to cresol
containing 2,4-dimethylphenol (NIOSH, 1978).

2.1.8 Health Hazards
Inhaled 2,4-dimethylphenol can irritate nose, throat and lungs causing cough, wheeze
and/or shortness of breath. Exposure to high concentrations of 2,4-dimethylphenol can
result in headache, nausea, weakness and fainting. If the exposure in high concentration is
repeated, it may affect liver and kidneys also. Exposure to 2,4-dimethylphenol for short
periods can result in chronic health effects and can last for months and years (New Jersey
Department of Health and Senior Services).

11
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2.1.9 Environmental Hazard
According to the available data, 2,4-dimethylphenol can impart acute toxicity to
freshwater aquatic life at concentrations as low as 2.12 mg/L (US EPA, Office of Water,
1980). 2,4-dimethylphenol is observed to be responsible for complete destruction of
chlorophyll after 48 hours of exposure at a concentration of 50 mg/L (Huang and Loyna,
1967). It is repeated that chlorosis can occur at a concentration of 293 mg/L (US EPA,
Office of Water, 1980).

2.2 Prevailing Wastewater Treatment Technologies and Disadvantages
Utilization of 2,4-dimethylphenol as a feedstock or constituent for a large number of
products is the reason for the disposal of wastewater containing 2,4-dimethylphenol. Due
to the stringent regulations imposed by different regulatory bodies there is a need to treat
this pollutant. The common treatment technologies as suggested by Nicell, 1991 are listed
in Table 2-2.
Most of these current methods involving physical, chemical and biological treatment,
have some disadvantages such as high cost, hazardous by-product formation and poor
efficiency (Klibanov et al., 1980) and thus have limitations for industrial application.
Physiochemical processes are economically more feasible because these treatment
processes are not very selective in terms of number of pollutants removed during the
treatment (Caza et al., 1999). Adsorption technique using fly ash, requires control of
temperature and the removal efficiency is directly proportional to fly ash loading
(Batabyal et al., 1995) which may lead to a high amount of fly ash and sludge. Chemical
oxidations are very expensive as reported by Dasgupta (2004).

12
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2,4-dimethylphenol can be utilized only by pure cultures of denitrifying bacteria
(Rudolph et al.,

1991). Sulphate reduction conditions could not degrade 2,4-

dimethylphenol. Methanogenic conditions echoed the same results (Fedorak and ldrudey,
1984, Blum et al., 1986, Arvin et al., 1988). Bacterial degradation of 2,4-dimethylphenol
in creosole-contaminated groundwater under nitrate-reducing conditions has been
reported by Flyvbejerg et al. (1992).
Table 2.2: Common Treatment Technologies for Aromatic Compounds
Recovery System
Physical/Chemical Treatment Systems

Biological Treatment Systems

Counter-current extraction
Pulsed column extraction
Chlorine oxidation
Chlorine dioxide oxidation (as sodium
chloride)
Ozone oxidation
Hydrogen peroxide oxidation (Fenton’s
reagent)
Potassium permanganate oxidation.
Incineration
Hydrocarbon stripping and combustion
Photocatalytic oxidation
Activated carbon adsorption
Land-filling
Bio-oxidation pond
Aerated lagoon
Stabilization pond
Oxidation ditch
Trickling filter
Activated sludge
Rotating biological contractors

2.3 Application of Enzymes in Wastewater Treatment
The philosophy behind biological treatment is the production of enzymes by
microorganisms to catalyze the decomposition of the pollutants. In the case of enzymatic
treatment as practiced here, isolated enzymes from some organism do the job instead of
the intact organism (Mantha, 2001). However, rather than catalyzing decomposition, they
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catalyze the polymerization of the pollutants. Enzymes, due to their high activity and
specificity, can handle a wide variety of pollutants and also they are easy to store (Vieth
and Venkatasubramanian, 1973). The determining factors for effective enzymatic
reaction are enzyme concentration, substrate concentration, pH, temperature, presence of
inhibitor or activator, and reaction time. Certain advantages of enzymatic treatment listed
by Nicell, 1991 are as follows.
2.3.1 Enzymatic Treatment vs. Conventional Biological Treatment.
•

Applicable over broad range of compounds.

•

Can work in the presence of a number of substances which are toxic to microbes.

•

Can be operated over broad ranges of temperature, pH and salinity.

•

Applicable to both high and low concentration of contaminants.

No shock

loading effects.
•

Sludge volume can be reduced as there is no biomass generated.

•

Process is quick and requires a smaller footprint

•

Process control is simpler.

On the basis of advantages aforesaid, it might be concluded that for certain industrial
wastes, enzymatic treatment can replace the biological one (Nicell, 1991).
The advantages of enzymatic treatment over chemical treatment can be listed as
•

Can be operated under mild, less corrosive conditions. Hence, low capital
requirements.

•

Can be operated in a catalytic manner.

•

Operation can be performed on low level pollutants and also on the pollutants
which cannot be removed by existing chemical/physical processes.

14
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•

Consumption of oxidants can be reduced.

Overall, enzymatic treatment can be used in conjunction with overall biological treatment
as a pretreatment at source to reduce the load on a biological treatment unit (Nicell,
1991).

2.4 Enzyme Catalysis
The role of a catalyst in a certain reaction is to reduce the activation energy required for
the completion of the reaction. Enzymes are biocatalysts which speed up the rate of
forward and backward reaction proportionately by reducing the activation energy.
However, the enzyme has no impact on the ratio of the forward and backward rates of
reaction (Palmer, 1995).
This can be illustrated as the stable nature of substrate molecules, at room temperature,
are not undergoing complete conversion of products, need some more energy to convert
all the substrate molecules to products i.e. “there is some activation energy required-some
energy barrier that substrate molecules must surmount before being converted to product”
(Walsh, 1979).
Transition State

Substrate

Product

Fig 2.1.a: Rate of Reaction Determined By Activation Energy Barrier Between
Substrate and Product, Source - (Walsh, 1979).
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Figure 2 .l.a depicts arbitrary activation energy, Ea or AG°, required for the reaction. The
peak of this free energy curve (surface) represents the transition state for the reaction.
During the course of reaction, the substrate molecules which have the kinetic energy
more than Ea can cross the energy barrier to form products. Any catalyst accelerates a
reaction by lowering energy barrier between substrate and transition state, reducing Ea,
without affecting AG° (Free energy). W alsh (1979) suggested that a chemical catalyst
probably lowers Ea almost exclusively by selective stabilization of the transition state
(like bringing reactants together at the finely divided catalyst surface) which is depicted
in Fig 2.1.b.

Uncatalyzed
Chemical Catalyst

Substrate

Product

Figure 2.1.b: Action of Chemical Catalyst to Lower Ea and Increase rate of reaction
Source —(W alsh, 1979)

It was also suggested by Walsh (1979) that in the case of enzyme-catalyzed reaction, the
selective stabilization of the transition state relative to reactant (if reactants and transition
state are stabilized to the same extent, there would be no lessening of Ea, thus no rate
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acceleration) occurs probably,. But it may cause the selective destabilization of substrates
bound at active site by induction of strain or distortion. Enzymes can replace a single step
(large Ea) by multiple steps (small Ea). Figure 2.2 depicts a hypothetical enzymecatalyzed reaction mechanism in which destabilization of ES complex is the first step,
then selective stabilization of a transition state in the second step, the formation of a
finite-lived intermediate (a local energy minimum), and finally a second shallow Ea to
transition state (2) preceding product formation.

( 1)

ES complex
Intermediate
Subs+Enz
Product

Fig 2.2: Possible Action of Enzymatic Catalyst to Lower Ea and Replace one Large
Activation Barrier with Multiple Lower Barriers
Source - (Walsh, 1979)

2.5 Enzyme Stability
Catalytic activity of an enzyme can be lost when the enzyme gets denatured by unfolding
its three-dimensional structure (Dasgupta, 2004). Denaturation of an enzyme does not
involve rupture of covalent bonds but only of hydrogen bonds and other weak
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interactions that are involved in maintaining the active conformation of the enzyme
(Cornish-Bowden, 1995).
The factors involved in denaturation of enzyme are discussed below.

2.5.1 Temperature
Generally enzymes are denatured if they are kept at an elevated temperature, typically
higher than 40° C. Catalytic activity can also be lost upon the freezing and thawing of
enzyme solutions (Vermette, 2000).

2.5.2 pH
To observe the pH dependence of an enzyme, it is obvious that the catalytic group should
be capable of capable of ionizing within that range of pH over which the catalytic activity
exists. The implication of pH dependence lies in the change of state of protonation of one
or more ionizing groups as the pH raised from value at acid end where enzyme is
essentially inactive. Catalytic activity may depend on protonation of one group and
retaining of proton by another group. Partial loss in catalytic activity of an enzyme can
occur due to a single protonation or deprotonation of the active site or some other critical
structural location in the structure. More than one protonation or deprotonation can result
in loss of catalytic activity (Cornish-Bowden, 1995). Thus, extremes of pH below 4.0 and
above 9.0 should be avoided for most enzymes (Palmer, 1995).

2.5.3 O rganic Solvent

At room temperature a high concentration of water-miscible organic solvents such as
ethanol or acetone can cause denaturation of enzymes (Palmer, 1995). This factor should
be taken into consideration while storing enzyme (Vermette, 2000).
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2.6 Dissolved Oxygen
Dissolved oxygen is an important parameter in enzymatic treatment as well as in
conventional aerobic treatment. Oxygen, due to its low solubility, limits the purification
capacity of natural waters and necessitates treatment of waste to remove pollutants before
the discharge to receiving streams. In aerobic processes, the limited solubility of oxygen
is of great importance as it governs both the rate of oxygen absorption to the medium and
the cost of aeration (Sawyer, McCarty, Parkin, 1994). In cases of enzymatic treatment,
both peroxidases and laccases both require an electron acceptor for the oxidative
coupling. Peroxidases use hydrogen peroxide as acceptor while laccases use molecular
oxygen from the atmosphere.

2.7 Feasibility of Enzymatic Treatment o f Wastewater
For the successful implementation of any project, the project is to be feasible both
technically and economically. The previous work on enzymatic treatment has also dealt
with the removal of pollutants from the solutions (Taylor et al., 1996, 1998). Therefore,
for the application of enzymatic treatment technology it is important to conduct research
in the area of process development and performance criteria. The criteria for
technoeconomical feasibility of enzymatic treatment technology suggested by Aitken at
al., 1993 are as follows.
•

The product of reaction must be less hazardous, more biodegradable or otherwise
more amenable to subsequent treatment than is the case for the target compound.

•

The enzyme should selectively attack the target compound in a waste matrix.

•

The enzyme must exhibit a reasonable amount of its native activity under typical
treatment conditions such as temperature, pH, etc. since only limited control over
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these reaction conditions can be expected to be economical in wastewater
treatment.
•

Reaction configuration should be simple.

•

Enzymes must be stable under different reaction conditions.

•

The enzyme should be available at reasonable cost.

Specific properties of certain enzymes sometimes prevent their development for feasible
treatments. For commercial applications of enzymes, any co-factor required by the
enzyme must be regenerated and retained economically. Enyzme types with potential for
commercial application to wastewater treatment satisfying the above criteria are
organophosphate-pesticide

hydrolases

and

phenol

oxidizing

enzymes

including

peroxidases, laccases and other phenol oxidases (Vermette, 2000).

2.8 Oxidative Coupling of Aromatic Amines by Peroxidases
Enzymes were applied first by Klibanov et al. (1980) for treatment of wastewater
containing anilines and other aromatic amines. Nine different aromatic amines were
removed effectively by the application of HRP. They observed the effect of reaction
conditions with an emphasis of reactivity towards peroxidases and solubility of the
products from oxidative coupling (Mantha, 2001).
Oxidation of 4-aminobiphenyl by horseradish peroxidase, HRP, was studied by Hughes
et al. (1992) and according to them it is a one-electron oxidation mechanism resulting in
the formation of a free radical. This radical reacts with another free radical to form
dimers. This concept was used in the investigation of oxidation of anisidine isomers by
peroxidase (Thompson and Eling, 1991).
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HRP is the most-investigated peroxidase. Other peroxidases such as Coprinus
macrorhizus peroxidase (CMP), Arthromyces ramosus peroxidase (ARP) and soybean
peroxidase (SBP) were also effective in removing aromatic amines from wastewater (AlKassim et al., 1993, 1994, McEldoon et al., 1995, Taylor et al., 1996, 1998).

2.9 Application of Laccase in Wastewater Treatment
Yoshida was

the first to discuss laccase

(EC

1.10.30, p-diphenol.

Dioxygen

oxidoreductase) and Bertand (1985) proposed that it is characterized as a metalcontaining oxidase (Chiacchierini et al., 2004). Laccases in general are cuproproteins that
belong to the group of enzymes classed as blue oxidases. These oxidases catalyze the
oxidation of several aromatic and organic substances by reducing oxygen into water
concomitantly (Duran and Esposito, 1997, Xu, 1996).The typical laccase-catalyzed
reaction mechanism for phenolic substrates can be described as a one-electron oxidation
phenomenon resulting in an aryloxy radical. During the second stage of reaction this
active species can be converted to a quinone. Alternatively, the free radicals can undergo
non-enzymatic coupling reactions leading to polymerization (Chiacchierini et al., 2004).
The catalytic ability of laccases also includes the oxidation of other substituted
polyphenols, aromatic amines and benzenethiols (Thurston,

1994).Bollag (1992)

suggested that laccases used molecular oxygen for oxidative coupling and no co-factor
for activity was needed. The main sources of laccases are fungi, although a few laccases
were reported from plant sources, such as lacquer, sycamore and tobacco (Vermette,
2000; Mayer and Harel, 1979; Karam and Nicell; 1997; Xu, 1996). Laccases are also
present in some bacterial strains of Azospirillum lipoferum (Givaudan et al., 1993) and
Alternomonas sp. (Sanchez and Solano, 1997). A recent report suggests that laccases are
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found widely in bacteria (Alexandre and Zhulin, 2000). However, among fungal laccases
a greater diversity has been observed in fungal mechanism, degree of polymorphism,
physico-chemical and kinetic parameters (Bollag and Leonwicz, 1984; Arora and Gill,

2000).
The oligomerization of phenols and anilines that can be performed by laccases from soil
microorganisms has been observed by Bollag and co-workers (Hoff et al., 1985). Bollag
also suggested that the natural process of xenobiotic binding and incorporation into
humus was enhanced by an addition of laccase into soil (Bollag, 1992). This study
explored a new idea that oxidative coupling may be used for removal or detoxification for
certain chemicals in aqueous systems. When the coupling takes place, the compound
becomes a part of the humic organic phase in water and cause radical changes in their
activity, fate and toxicity (Sarkar et al., 1988).Bollag also showed that the laccase from
Rhizoctonia praticola can be used for detoxification of phenolic compounds such as 2,6xylenol, 4-choloro-2-methylphenol and p-cresol (Bollag et al., 1988). O-cresol and 2,4dicholorophenol were detoxified in conjunction with syringic acid. Dec and Bollag
(1994, 1995) studied the dehalogenation of chlorinated phenols by laccase and other
oxidoreductive enzymes. Vermette studied the removal of different isomers of cresols
from synthetic wastewater with laccase (Vermette, 2000). The oxidative polymerization
of syringic acid in acetone/acetate buffer (pH = 5.0) at room temperature was carried out
by Ikeda with a laccase from Pycnoporus coccineous (Ikeda et al., 1995). Ikeda also
showed that enzymatic conversion of 2,6-dimethylphenol could be carried out in aqueous
organic solvent at room temperature under air by using laccase from Pycnoporous
coccineous (Ikeda et al., 1996). Laccases, because of their ability to produce very reactive
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radicals and unlike peroxidases in that they do not need hydrogen peroxide, can be
considered as the most useful of the oxidoreductases (Bollag, 1992). Aktas and Tanyolac
investigated the oxidative polymerization of catechol catalyzed by laccase from Trametes
versicolor (ATCC 2000801) in aqueous batch systems containing acetone. Potential
applications of laccases are being investigated for industrial purposes such as analytical
biosensors (Marco and Barcelo, 1996, Iwuoha and Smith, 1997, Caruso et al., 1999), dye
decoloration (Rodriguez et al., 1999), textile effluent degradation, chlorophenol removal
(Duran et al., 2000, Grey et al., 1998), urea derivative degradation (Jolivat et al., 1999),
and soil remediation (Dec and Bollag, 1994, 1995). Laccases appear to be very
promising, particularly in wastewater treatment for both decoloration and dephenolisation
of the effluent stream. Different studies of several sectors confirmed the usefulness and
potential of enzymatic treatment of industry effluents.

2.10 PEG Effect
As discussed earlier one of the limitations of enzymatic treatment is the amount of
enzyme required to achieve a high removal efficiency due to the susceptibility of the
enzyme towards inactivation (Aitken and Heck, 1998, Gianfredo and Bollag, 1994, Wu
et. al., 1993).
The effectiveness of polyethylene glycol (PEG) to protect horseradish peroxidase (HRP)
and soybean peroxidase (SBP) from inactivation was studied by J. Wu (1993) and Caza
(1999), respectively. Wu found the enzyme requirement was reduced 40- and 75-fold
from that required without PEG for 1 and 10 mM phenol concentrations. Nakamoto and
Machida (1992) also observed that 200-fold less enzyme was required with PEG present
than in its absence. The mechanism of PEG in protecting enzyme is yet to be explored.
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However, Nakamoto and Machida (1992) reported that additive may block the hydrogen
bonding site on polymeric products by bonding with the hydroxyl end group of PEG. But
it was also observed that low molecular weight PEG does not have any protective effect
on HRP in spite of having more hydroxyl groups per unit mass than higher molecular
weight PEG, which indicates that low molecular weight should have been more
successful in suppressing inactivation than higher molecular weight PEG’s with the aid
of bond formation with hydroxyl group. But it was observed ( Kinsley and Nicell, 2000,
Nakamoto and Machida, 1992) that higher molecular weight PEG’s are more efficient. So
the formation of bond at the hydroxyl end group of PEG is unlikely (Kinsley and Nicell,
2000). Kinsley (2000) reported that the protection mechanism of PEG lies in the
interaction between PEG and reaction products. Subsequently, the amount of PEG which
interacted with products to protect enzyme is no longer effective in protection. The same
thing was reported by Wu et al. (1993). They suggested that the optimum amount of
PEG, varied between 10-100 mg/L to protect HRP is substrate dependent, i.e. for treating
different substrate concentrations different amounts of PEG are required

and no co

relation exists between PEG and enzyme requirements. The effectiveness of PEG was
also found to be concentration dependent (Nicell et al., 1995, Wu et al., 1997). Modaressi
and coworkers found the protective effect of PEG on laccase while removing BPA from
synthetic wastewater (Modaressi et al., 2005). She found that the enzyme requirement
was 5.2-fold less than that required without PEG. The popularity of PEG in enzymatic
treatment is not only due to its role in significant cost reduction (Cooper and Nicell,
1996) but also its wide use without conferring any detrimental effect on the environment.
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The United States Food and Drug Administration (Harris, 1992) declared that PEG is fit
for human consumption.
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3.0 MATERIALS, EQUIPMENT AND METHODS
3.1 Materials
3.1.1 Laccase (SP-504)
Laccase SP-504 (EC1.10.3.0), a developmental preparation (US-1999-00091), was
obtained directly from a commercial enzyme producer Novozymes, Franklinton, NC.
According to the specification of Novozymes, the activity o f laccase was 200 LACU/mL,
where a unit of activity is defined as the catalytic conversion of 1 pM of syringaldazine
solution per min in a 19 pM solution at pH 5.5 (MES buffer) at a temperature of 30°C.
The stock solution was stored frozen at -15°C until just before the activity test and the
samples to be tested were kept at 4°C until tested.

3.1.2 Substrate, 2,4-dimethylphenol
2,4-Dimethylphenol (physical state-liquid with light yellowish brown color), was
purchased from Sigma-Aldrich Inc., St. Louis, MO, with a purity of 98% or better. A 40
mM stock solution of 2,4-DMP (4.887 g/L in water) was prepared from liquid sample and
stored at ambient temperature.

3.1.3 Aluminium sulfate
A12(S 0 4)3.18H20 molar mass, 666.76 was purchased from Anachemia Chemical Ltd.,
Toronto, ON. Aluminium sulfate, stock solution of 20 g/L was prepared and stored at
ambient temperatue.

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3.1.4 Sodium Bicarbonate
Sodium Bicarbonate, with a purity of over 99.7% was bought from ACP Chemicals Inc.,
Montreal, Quebec.

A stock solution of 1 mM was prepared and kept at ambient

temperature.

3.1.5 Polyethylene Glycol (PEG)
Polyethylene Glycol (average molecular mass of 3350 g/mol) was purchased from Sigma
Chemical Co., St. Louis, MO. A stock solution of 4g/L was prepared and stored at
ambient temperature.

3.1.6 Hydrogen peroxide
Hydrogen peroxide (30% mass/volume) was purchased from ACP Chemicals Inc.,
Montreal, Quebec. A stock solution of 100 mM was prepared and stored in a dark bottle
for two to three days in refrigerator at temperature of about 4°C.

3.1.7 Catalase
Catalase ( EC 1.11.1.6, 19000 units/mg of solids ) was purchased from Sigma Chemical
Co., St. Louis, MO. One unit of catalase decays 1.0 pinole of hydrogen peroxide per
minute at pH 7.0 and 25°C. Catalase, in the form of a dry powder, was stored at -15°C
and an aqueous stock solution was prepared as needed and stored at 4°C.

3.1.8 Buffer
Acetate, phosphate and other buffers were prepared according to Gomori (1955), at 0.2 M
strength unless otherwise noted. Reagents were purchased from Fisher Scientic Co., Fair
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Lawn, NJ and BDH Inc., Toronto, ON, respectively. Different buffers and their pH
ranges in which they were applied are presented in Table 3.1.
Table 3.1 Different Buffers, Reagent and Their pH Ranges
pH Range

Acetic Acid - Sodium acetate

4 .4 - 5 .6

Phosphoric Acid - Sodium phosphate, monobasic

3.0-5.6

Sodium phosphate, monobasic - Sodium phosphate, dibasic

'-J
1
oo
o

Reagent Used

3.2 Equipment
3.2.1 pH meter
The pH of the sample and other solutions was measured with a Model IQ 200 pH meter ,
purchased from IQ Scientific Instruments Inc., Carlsbad, CA.
Standard buffer solutions of pH 4.0, 7.0 and 10.0 were purchased from BDH Inc,
Toronto, ON.

3.2.2 Spectrophotometer
For the determination of residual DMP concentration by direct absorbance of UV light a
Hewlett-Packard Diode Array Spectrophotometer, Model 8452A, Mississauga, ON, was
used with a wavelength range of 190 to 820 nm and a 2 nm resolution. The
spectrophotometer was controlled with a Hewlett Packard Vectra ES/12 computer.
Disposable semi-micro cuvettes and quartz cuvettes were purchased from Bio-Rad
Laboratories, Mississauga, ON.
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3.2.3 HPLC (High Performance Liquid Chromatography)
HPLC, system with a binary HPLC pump (Model No-1525), dual X absorbance detector
(Model No - 2487) was purchased from Waters Corporation, Mississauga, ON. This was
used with an autosampler (Model No -717) also purchased from Waters Corporation.

3.2.4 Syringe-filters
Non-sterile Acrodisc syringe-filters with a 25 mm membrane diameter and 0.2 micron
pore size were purchased from Pall Corporation, Mississauga, ON. These were used in
conjunction with Luer Lock syringes purchased from Sherwood Medical, St. Louis, MO.

3.2.5 Micropipette
Gilson micropipettes of 20 pL, 200 pL and 1 mL capacity were obtained from Mandel
Scientific Company Inc, Guelph, ON. These were used in conjunction with pipette tips of
different sizes purchased from Axygen Scientific, California, USA.

3.2.6 Oxygen monitor
Dissolved oxygen in the solution was measured with a Dissolved Oxygen Meter, Model
YSI 57, purchased from Yellow Springs Instrument Co. Inc., Yellow Springs, OH. This
DO meter was used in conjunction with a probe, Model YSI 5906, and membrane cap
purchased from the same company.

3.2.7 Biological Oxygen Monitor
The dissolved oxygen and the rate of depletion of dissolved oxygen in the reactor were
measured with Biological Oxygen Monitor, YSI Model 5300 which was purchased from
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YSI Co. Inc., Yellow Springs, OH. The DO monitor had membrane type electrode, where
the working electrode was platinum metal and the opposite one was silver. Electrolyte
solution used was potassium chloride solution and a selective Teflon membrane was used
for measurement. Voltages were applied to generate the threshold diffusion current for
oxygen. The reduction of oxygen took place by the working electrode when it passed
thorough membrane. A reduction in current in proportion to dissolved oxygen was
generated, hence dissolved oxygen was measured (Dasgupta, 2004).

3.2.8 Vortex Mixer
Vortex Mixer, Model K-550 G, for mixing of solutions inside the culture tubes were
bought from Scientific Industries Inc., Bohemia, N.Y, USA.

3.2.9 Stir plates
Thermolyne - Nuova stir-plates and magnets were used to stir the batch reactors at room
temperature.

3.2.10 Software
AutoCAD 2002 and Grapher 4 were used for drawing and plotting of data, respectively.

3.3 Experimental Protocol
The purpose of this study was to achieve a target removal of at least 90% of the initial
2,4-DMP concentration over a wide range. The study was designed to optimize the
effects of pH, enzyme concentration, addition of PEG, and availability of dissolved
oxygen.
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All reactions were carried out in 20 mL batch reactors at room temperature. The batch
reactor contents were prepared by adding individually certain amounts of 2,4dimethylphenol, buffer of specific pH and distilled water with and without PEG. The
reaction was initiated by adding laccase to the reactors. The reactors remained open and
were continiously stirred during the reaction by using Teflon-coated magnetic stirring
bars. A reaction time of 3 hours was chosen based on previous studies (Klibanov et al.,
1980, Vermette, 2000, Modaressi et al., 2005) After three hours of reaction to stop the
enzyme activity, batch reactor contents were quenched by adding 75 pL of sulfuric acid
from 750 mM stock to 1 mL of batchreactor sample.
In addition the reactor contents were subjected to the addition of alum (as aluminium
sulphate) to enhance coagulation-flocculation for solids separation. 50 mM bicarbonate
solution was added to the reactor contents to bring the pH up to 7.4 to optimize the gel
formation. Coagulation-flocculation was achieved by 2 minutes of rapid mixing and 30
minutes of slow mixing. The batch reactor contents were then allowed to settle and the
supernatant was analysed for residual substrate concentration by the spetrophotometric
method..
No alum was used during the studies on the dissolved oxygen change along with
substrate depletion over time,. Samples were withdrawn from the reactor over time,
quenched and were analyzed for residual 2,4-DMP concentration Dissolved oxtgen
concentration in mixture was monitored over time by using bilogical oxygen monitor..
The procedures followed to determine the effects of the parameters are described below.
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3.3.1 Effect of Temperature and pH
All reactions were carried out at room temperature which varied between 20 and 22° C.
pH was the first reaction parameter optimized in this study. 20 mL volume serum bottles
were used as batch reactors and their contents were mixtures of distilled water, substrate,
buffer and enzyme. All reactors were buffered to different pH values. Buffer
concentration and initial substrate concentrations were 50 mM and 1 mM, respectively. A
lower-than-sufficient concentration of enzyme was added to achieve stringent conditions.
After three hours of reaction, batch reactor contents were quenched, filtered with 2
micron filters and analyzed for residual concentrations.

3.3.2 Enzyme Concentration
Experiments were carried out at the optimum pH to determine the optimum enzyme
concentration. Various concentrations of enzyme were added to different reactors in order
to determine the minimum enzyme concentration required to achieve the maximum
removal of substrate after 3 hours of reaction. The batch reactor contents, strength of
buffer, initial substrate concentration and the methods for residual concentration
determination were the same as discussed in Section 3.3.1.

3.3.3 PEG addition
A 4 g/L stock solution of PEG (polyethylene glycol) of average molecular mass 3350
g/mol was prepared and stored at room temperature. Again pH was the first parameter to
be optimized for the study and the results were compared with the pH optimization study
without PEG. The assay for the experiment and the analytical methods followed were the
same as described in Section 3.3.1. Different PEG concentrations were selected based on
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the previous studies with laccase on phenolic substrates (Modaressi et al., 2005).
Subsequently, enzyme concentrations were also optimized in the presence of PEG and
compared with the studies of enzyme optimization in the absence of PEG. A significant
PEG effect was found, therefore the PEG concentrations were optimized accordingly.

3.3.4 Dissolved oxygen availability
During the optimization study, it was observed that for higher initial substrate
concentrations (4 mM and above) the removal was about 60% or less after 3 hours of
reaction. This was attributed to the lack of dissolved oxygen. Therefore oxygen was
added to the reactors by means of hydrogen peroxide addition only, by addition of
hydrogen peroxide with catalase, by applying high rate of stirring to enhance mass
transfer, and by bubbling air into the reactors.
The effects of dissolved oxygen on the reaction were determined in 100 mL batch
reactors. A larger reactor was chosen to accommodate the large-size dissolved oxygen
probe. Studies were conducted for both 1 mM and 4 mM substrate concentrations. The
reactor contents were the same as described in Section 3.3.1 and the optimum pH in the
presence of PEG was used. The dissolved oxygen in the reactor over time was measured
and the samples were withdrawn and filtered for the analysis of residual concentrations.

3.3.4.1 Aeration with atmospheric oxygen
As discussed earlier, the scarcity of sufficient dissolved oxygen inside the reactor was
deemed to be the main reason for not achieving more than 90% removal of DMP at 4
mM and above. The enzymatic reactions were carried out in open reactors. Therefore the
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diffusion of atmospheric oxygen into the system influenced the dissolved oxygen
concentration inside the reactor.

3.3.4.2 Hydrogen Peroxide Addition
Hydrogen-peroxide was added to the reactor to increase the dissolved oxygen. Change in
the dissolved oxygen inside the reactor due to hydrogen peroxide addition was monitored
by a dissolved oxygen probe and at the same time samples were withdrawn for
determination of residual DMP.

3.3.4.3 Hydrogen Peroxide and Catalase Addition
During the addition of hydrogen peroxide, it was observed from the DO profile that
decay of hydrogen peroxide over time was slow and did not provide sufficient oxygen.
Therefore catalase was added along with the hydrogen peroxide This observation was
compared with the dissolved oxygen profile in the reactor against a substrate- and
enzyme-free control.

3.3.4.4 High Stirring Rate
A higher stirring rate was used to increase the mass transfer of oxygen and the dissolved
oxygen profile and substrate removal were compared against the dissolved oxygen profile
and substrate removal in the reactor stirred normally. Teflon-coated magnetic stirring
bars operated at a variable speed were used for the stirring purpose.

3.3.4.5 Aeration
In order to increase the dissolved oxygen in the reaction system, air was bubbled inside
the reactor at different rates The effects of dissolved oxygen on the substrate removal
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were compared against a control without air bubbling. Figure 3.3.4.5 depicts a schematic
diagram of the air bubbling system.

3.4 Analytical Methods
3.4.1 Substrate Concentration Assay
3.4.1.1 Direct Absorbance (DA) of UV Light
Generally the aromatic compound concentration in a sample is determined either by
colorimetric or by direct spectrophotometric method. No significant formation of colour
(pink chromophore) was formed when the batch reactor samples, after filtration, were
added to the reagents required for phenol color test (Dasgupta, 2004). Consequently, the
concentration

of

2,4-dimethylphenol

was

determined

by

spectrophotometric

measurement (direct absorbance) of the ultraviolet light at the peak wavelength of 278
nm. Usually, phenolic compounds such as p-cresol, absorb ultraviolet light at a maximum
wavelength between 270 and 284 nm directly proportional to the phenol concentration in
solution (Vermette, 2000). The assay mixture was 2,4-dimethylphenol and deionized
water in the quartz cuvette with a total volume of 1000 pL. Concentrations are expressed
in mM, where one mM is equal to 122.17 mg/L. Concentration corresponding to the
measured absorbance was calculated from a standard calibration curve where a linear
relationship was observed between absorbance and 2,4-dimethylphenol concentration
(see Appendix) Figure 3.4.1.1.a and 3.4.1.1 .b show the details of procedure (both
filtration and alum treatm ent) follow ed fo r the aforesaid assay.

3.4.1.2 FIPLC Analysis
2,4-DMP

concentrations

were

also

measured

with

high

performance

liquid

chromatography (HPLC) to confirm the results obtained by direct absorbance. HPLC was
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equipped with a UV spectrophotometer and autosampler. The column used was a C l 8
column packed with silica and was 150 mm in length and 4.6 mm in diameter. The
isocratic method with a solvent mixture of 60% acetonitrile and 40% of (0.1% in water)
acetic acid was applied. Flow rate was set to lmL/min.The wavelength used in the UV
detector was 278 nm. The calibration curves are shown in Appendix section.
3.5 Minimization of Errors
Two types of error can occur while doing any experimental work:.
•

Systematic errors

•

Random errors.

Both types of errors are discussed in the following section.

3.5.1 Systematic Errors
Systematic errors can occur while measuring direct absorbance of UV light or following
the colorimetric method, especially when it is required to measure very low
concentrations. In this research this may have been one possible source of error during
the analysis for 2,4-dimethylphenol. The products of enzymatic reaction were mostly
phenolic compounds. The soluble products which were not removed during filtration or
alum treatment were present in the solution, and absorbed light at same wavelength as the
2.4-dimethylphenol. This showed a higher absorbance which indicated a higher level of
2.4-dimethylphenol remaining in the solution than that was actually present.

3.5.2 Random Errors
In order to minimize random errors (generally takes place from human mistake), most of
the experiments were carried out more than once to check reproducibility. Calibration
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curves were checked frequently when new stock solutions were prepared. Most of the
experiments were run in triplicate unless otherwise stated.
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of air bubbling system
Figure 3.3.4.5: Schematic diagram
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Figure 3.4.1.l.a: Filtration followed by enzymatic reaction and quenching
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Figure 3.4.1. l.b: Enzymatic reaction followed by alum treatment
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4.0 R ESU LTS A N D D ISC U SSIO N
The experimental setup for this research was designed to optimize the reaction
parameters for a range of substrate concentrations in an aqueous buffered batch system to
achieve a target removal of at least 90% of the initial 2,4-DMP concentration by laccasecatalyzed oxidative polymerization at room temperature. A batch system, as opposed to a
continuous system was chosen for its simplicity and process control (Nicell, 1991).
Reaction parameters optimized were, (1) pH, (2) enzyme concentration. Afterwards
experiments were conducted to observe the effect of PEG. A significant PEG effect was
found and accordingly the following parameters were optimized. (1) pH, (2) enzyme
concentration and (3) PEG concentration.

However, while optimizing enzyme

concentration for substrate concentration ranging from 1.0 - 5.0 mM, additional
dissolved oxygen was required in the reaction mixture. Studies were conducted to
increase the dissolved oxygen availability in the mixture, for the removal of higher
substrate concentrations, i.e. for 4 mM and onwards. This was accomplished by hydrogen
peroxide addition with and without catalase, by high stirring rate, and by bubbling air
through the reactor.
For determination of residual DMP concentration, direct absorbance of UV light by the
spectrophotometric method was used. Analysis was carried out for both filtered and
alum-treated samples. Slightly better results were observed with filtered samples relative
to alum-treated samples. HPLC analyses were also carried out to confirm the results
obtained from direct absorbance. The calibration curve was constructed using the same
analytical methods.
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4.1 The effect of pH on 2,4-DMP removal
The efficiency for removal of 2,4-dimethylphenol as a function of pH in the range of 3.08.0 was studied using 1 mM 2,4-dimethylphenol concentration under stressed condition
Optimization of pH was done for three different enzyme concentrations, 0.002 U/mL,
0.003 U/mL and 0.004 U/mL. The substrate and enzyme concentrations were kept
constant in each reactor to make the removal efficiency only pH-dependent. The reaction
time was kept at 3 hours which was considered to be sufficient time based on previous
similar experiments with enzymes (Klibanov et al., 1980).Two types of buffers were used
in the study. Initially acetate buffer over a range of 4.0-5.7 and phosphate buffer over a
range of 5.8-8.0 were used for the study. However, a variation in the result was observed
while using different buffers of same pH. So, phosphate buffer over the pH range of 3.08.0 was used. The concentration of the buffer solution used for this study was 50mM.
Removal of 2,4-dimethylphenol as function of pH is shown in Figure 4.1. Significant
removal of 2,4-dimethylphenol from an initial concentration of 1 mM under stress
conditions (insufficient enzyme) was observed over the pH range of 5.2-5.8 with an
optimum at 5.6.

4.2 Effect of Enzyme Concentration on 2,4-DMP Removal Efficiency
The primary objective of any engineering design should be to minimize the cost to make
the project feasible. In enzymatic treatment, laccase is the most expensive component and
it should be minimized (Al-Kassim et al., 1994; Cooper and Nicell, 1996; Ibrahim et al.,
2001). The optimum is defined as the lowest concentration required for more than 90%
removal of initial 2,4-dimethylphenol. The optimum laccase concentration was
determined at optimized pH based on 3 hours’ reaction time for ImM substrate
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Figure 4.1.a Removal of 2,4-dimethylphenol as a function o f enzyme concentration
and pH in aqueous batch system (Analytical Method - DA)
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concentration. The results, both in terms of filtered samples and alum-treated samples for
the removal of 2,4-dimethylphenol were determined. Removal efficiencies were
increased by 2-3% when samples were filtered and compared to the alum treated samples.
However, this 2-3% difference is not sufficient enough to justify the installation of
filtration unit into a full scale wastewater treatment plant.

A minimum laccase

concentration of 0.007 U/mL was needed for about 90% of removal of initial 2,4dimethylphenol. The results are shown in Figure 4.2.a.
Further experiments were carried out to optimize the enzyme concentration for substrate
concentrations of 1.5, 2.0, 2.5, 3.0, 4.0 and 5.0 mM based on 95% removal. The
experimental protocol was same as described in section 4.2. Results for the removal of
2,4-DMP of different concentrations are presented in Figure 4.2.b . For 4.0 mM and 5.0
mM the removal of substrate in 3 hours was less than 75% as depicted in Figure 4.2.c and
4.2.d. But it was also observed that after 5 hours of reaction the removal was more than
95% of initial substrate concentration. As all experiments were carried out in open reactor
and the enzyme, laccase (SP-504) uses molecular oxygen for oxidation it was assumed
that dissolved oxygen deficit in the reaction mixture may be the reason for this poor
efficiency and was found to be the main reason. Therefore different methods for
providing additional oxygen supply were studied for 95% of removal of initial substrate
concentration. Aeration was found to be the best method as compared to hydrogen
peroxide addition with catalase and applying high stirring rate for providing excess
oxygen into the reactor. High stirring rate was applied for additional oxygen supply
during optimization. More than 95% removal of an initial concentration of 4 mM and 5
mM 2,4-DMP was observed as shown
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Figure 4.2.a: Removal of 2,4-dimethylphenol as a function of laccase concentration (
A comparison of filtered and alum treated sample by DA - Analysis)
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Figure 4.2.b: Effect of Enzyme Concentration on the Removal of 2,4-dimethylphenol

ranging from 1.5 mM to 5.0 mM, with supplemental oxygen for 4.0 and 5.0 mM
(Analytical Method - DA)
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Figure 4.2.c: Effect of Enzyme Concentration on the Removal of 2,4-dimethylphenol
- 4.0 mM without supplemental oxygen (Analytical Method - DA)
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Figure 4.2.d: Effect of Enzyme Concentration on the Removal of 2,4-dimethylphenol
- 5.0mM without supplemental oxygen (Analytical Method - DA)
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in Figure 4.2.b. The minimum enzyme required for more than 95% removal of substrate
ranging from 1.0 - 5.0 mM is given in table 4.2.
Table 4.2 : Minimum enzyme concentration required for removal of 95% or more of
initial substrates ranging from 1.0 - 5.0 mM

Initial Substrate Concentration
(mM)

Enzyme Concentration (U/mL)

1.0

0.007

1.5

0.0140

2.0

0.0215

2.5

0.0260

3.0

0.0300

4.0

0.0360

5.0

0.0410

4.3 Solids Separation
Alum can be useful in forming a gel which results in better settling of final floes formed
during enzymatic treatment of phenol (Ibrahim et al., 1997 and 2001; Caza et al., 1999).
Previous research has indicated that an optimum pH range of 6.5-8.0 is effective for
treatment with alum for phenolic compounds. Alum is used as a coagulant in industrial
water and wastewater treatment (Mantha, 2001). The purpose of this study was to
optimize the alum concentration required for settling of floes.
A lum inum sulphate (w ithout w ater o f crystallization) in varying concentrations (10-

200mg/L) was used. Aluminum sulphate was added to the batch reactor contents after the
enzymatic reaction and then 50 mM sodium bicarbonate was added to bring the pH of the
batch reactor to 7.0-7.5. Then the insoluble polymers were allowed to settle by gravity for
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2 hours. The supernatant was decanted after settling and the residual concentration was
determined. Results are shown in Figure 4.3. An alum concentration of 180 mg/L was
found to be optimal for the target removal.

4.4 Conversion vs. Removal:
In enzymatic treatment sometimes confusion arises with two terms conversion and
removal. Conversion does not necessarily mean removal, i.e.- enzyme may help in
converting all the pollutants into products but due to the presence of soluble products
sometimes all products may not be removed from solution. Slight differences in removal
percentages were observed for filtered and alum-treated samples as discussed in section
4.2. However, HPLC analysis was carried out to determine the actual conversion of
substrates which showed it was 100% compared to 90-93% removal shown by DA
analysis. Figure 4.2.a and 4.4. show the direct absorbance analysis and HPLC analysis
results for both filtered and alum-treated samples, respectively. The reason behind this
difference may be attributed to the presence of organic dimmers, trimers and other
oligomers which may take part in direct absorbance test at 278 nm.
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Figure 4.3: Effect of Alum Concentration on the Removal of 2,4-dimethylphenol
(Analytical Method -DA)
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Figure 4.4: Removal of 2,4-dimethylphenol as a function of laccase concentration (A
comparison of filtered and alum treated sample by HPLC analysis)
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4.5 PEG Effect
The protective effect of PEG on enzyme for a target removal of more than 90% was
studied in aqueous buffered batch systems. The following parameters were optimized by
using the methods described in Section 3.3.3

4.5.1 pH
Studies on the removal efficiency in the presence of PEG as a function of pH in the range
of 3.0-8.0 were carried out at 1.0 mM initial 2,4-DMP concentration. The enzyme
concentration was kept at 0.001 U/mL to observe the pH dependence under stressed
condition. All other conditions were the same as used in the pH optimization study
without PEG. The optimum pH with PEG, obtained under stringent conditions, was
found to be 5.2 which is slightly different from the optimum pH obtained without PEG.
Figure 4.4.1 depicts the removal of 2,4-DMP as a function of pH and the comparison of
pH dependence study without PEG.

4.5.2 Enzyme Concentration
The optimization of enzyme concentration was determined at the optimized pH. The
study was designed for an initial substrate concentration of 1.0 mM with varying enzyme
concentrations. The substrate concentration and PEG concentration (30 mg/L) were kept
constant to discern the enzyme dependence in presence of PEG. The results of enzyme
optimization both in presence and absence of PEG are shown graphically in Figure
4.5.2.a The optimum enzyme concentration in the presence of PEG was found to be 0.004
U/mL, which is about half than that required without PEG..
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Figure 4.5.1: Removal of 2,4-dimethylphenol as a function pH in aqueous batch
systems with and without PEG (Analytical Method - DA)
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Figure 4.5.2.a: Effect of enzyme concentration on the removal of 2,4dimethylphenol, both with and without PEG (Analytical Method - DA)
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Subsequently, the enzyme concentrations were optimized, based on 95% or more
removal of initial 2,4-DMP concentration, for substrate concentrations of 1.5, 2.0, 2.5,
3.0, 4.0, 5.0 mM
These experiments were carried out to determine the minimum enzyme concentration
required for 95% or more removal of initial substrate concentration ranging from 1.0 5.0 mM for a fixed PEG concentration of 30 mg/L. Filtered samples after enzymatic
reaction were used for analysis. Figures 4.5.2.b depict the results obtained from the
aforesaid study. The results are also prvided in table 4.5.2.
Table 4.5.2: Minimum enzyme concentration required for removal of 95% or more
of initial substrates ranging from 1.0 - 5.0 mM in presence o f PEG
Initial Substrate Concentration (mM)

Enzyme Concentration (U/mL)

1.0
1.5
2.0
2.5
3.0
4.0
5.0

0.0040
0.0055
0.0075
0.0090
0.0115
0.0165
0.0200
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Figure 4.5.2.b: Effect of enzyme concentration on the removal of 2,4-dimethylphenol
in the presence of PEG for substrate concentration ranging from 1.5 - 5.0 mM.
(Analytical Method - DA)
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4.5.3 Effect of PEG Concentrations on 2,4-DMP Removal Efficiency
A significant PEG effect was observed while using laccase to achieve a target removal of
at least 90% in aqueous buffered batch system as discussed in section 4.4.2. In order to
determine the PEG requirement for the target removal of 1.0 mM 2,4-DMP,
investigations were carried out for three different enzyme concentrations under stringent
conditions following the methods described in Section 3.3.3. PEG concentrations varying
from 1-60 mg/L were used. Enzyme concentrations and pH for three different sets were
kept constant to observe the PEG dependence. The results are shown in Figure 4.5.3.a. It
can be inferred from the figure that the PEG requirement for three different enzyme
concentrations was the same at 1 mg/L.
Previous research suggests that the PEG requirement varies with substrate concentration
(Kinsley and Nicell, 2000, Wu et. al., 1993). Different studies on substrate dependence of
PEG are discussed in section 2.10. So, to check the substrate dependence of PEG for this
project, the PEG concentrations were optimized based on 95% removal of 2,4-DMP for
2,4-DMP concentrations ranging from 1.5 - 5.0 mM. The batch reactors were run with
different substrate concentrations at optimized pH

of 5.2.

Optimized enzyme

concentrations obtained previously for the same substrate concentration range were used
to find out the minimum PEG requirement as a function of initial substrate concentration.
PEG concentrations ranging from 1-30 mg/L were used for this study. The results are
plotted in Figure 4.5.3.b. The results of PEG requirement for removal of 95% or more of
initial substrates ranging from 1.5 - 5.0 mM are also listed in table 4.5.3.
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Figure 4.5.3.a: Effect of PEG concentration on the removal of 1 mM 2,4dimethylphenol (Analytical Method - DA)
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Figure 4.5.3.b: Effect of PEG concentration on the removal of 2,4-dimethylphenol
ranging from 1.5-5.0 mM (Analytical Method - DA).
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Table 4.5.3 : Minimum PEG requirement for removal of 95% or more of initial
substrates ranging from 1.0 - 5.0 mM

Initial Substrate Concentration ( mM)

Enzyme Used (U/mL)

PEG required

1.0

0.0040

1

1.5

0.0055

1

2.0

0.0075

2

2.5

0.0090

3

3.0

0.0115

5

4.0

0.0165

7.5

5.0

0.0200

12.5
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4.6 Dissolved Oxygen
In earlier sections it has been discussed that during optimization of enzyme for different
substrate concentrations, ranging from 1.0-5.0 mM, removal efficiency of less than 75%
was observed for substrate concentration of 4 mM and above. Since laccases use
molecular oxygen from the atmosphere as electron acceptor for oxidative polymerization
of aromatic amines, experiments were carried out to determine the availability of oxygen
in the reactor containing 4.0 mM and higher DMP and the deficiency in dissolved oxygen
was observed. Then, experiments were conducted to increase the dissolved oxygen
content of the reaction mixture by different methods - enhancing diffusion through
agitation, adding oxidizing chemicals, and bubbling air through the reactor. All
experiments were carried out starting with a dissolved oxygen concentration near
saturation, 0.265 mM (8.5 mg/L).

4.6.1 Diffusion of Atmospheric Oxygen
The effect of change in dissolved oxygen due to atmospheric diffusion and substrate
removal over time for both 1.0 mM (oxygen-rich) and 4.0 mM (oxygen-poor) reactors
were studied following the protocol and assay described in Sections 3.3.4 and 3.4.1,
respectively. The results are plotted in Figures 4.6.1.a and 4.6.l.b, respectively. The
dissolved oxygen profile of the control without substrate was also studied and the results
are compared with the DO profile for 4 mM substrate in Figure 4.6.I.e.
In order to obtain these preliminary results, experiments were conducted for initial
substrate concentrations of 1 mM and 4 mM at an optimum pH of 5.2 with PEG and the
enzyme concentrations were kept at 0.004 U/mL and 0.0175 U/mL, respectively. The
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Figure 4.6.1.a: Effect of atmospheric diffusion on dissolved oxygen availability over
time for 1 and 4 mM DMP (Enzyme conc. -0.004 U/mL for 1 mM and 0.0175 U/mL
for 4 mM, PEG Conc. -30 mg/L)
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Figure 4.6.1.b: Effect of atmospheric diffusion on the removal of 2,4-dimethylphenol
over time (Analytical Method - DA)
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Reaction Time - 5 hours.

Figure 4.6.1.c: Effect of atmospheric diffusion on dissolved oxygen availability over
time for 4 mM 2,4-DMP and control
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depletion rate of dissolved oxygen was observed to be very fast during the first ten
minutes and then the rate of oxygen consumption by enzyme and the rate of diffusion of
oxygen were equal for a long period of time before the dissolved oxygen concentration
went up after 5 hours when less than 10% of the initial substrate concentration remained
in the system.

4.6.2 Oxygen-Substrate Ratio
The initial velocity of the reaction can be determined from the initial slope of the
progress curve in a “DO remaining (mM) vs. Time (min)” plot obtained from a closed
reactor. Linear trend lines were drawn through data points to get the initial rate of oxygen
consumption and substrate conversion for 1 mM DMP. The equations of the trend line
corresponding to the initial rates of oxygen consumption and corresponding substrate
removal are shown in Table 4.6.2 and the experimentally obtained value of 2,4-DMP
required/mM oxygen consumed was calculated and found to be 2.58 . The stoichiometric
ratio of phenol to dissolved oxygen is 4:1, but in this case it is only 2.6. Further research
is needed for proper explanation.
Table 4.6.2: Stoichiometric Requirement o f Oxygen for 2,4-DMP
DO

2,4-DMP

Equation of trend-line

y = -0.008 lx + 0.2727

y = -0.0227x + 1.0239

Initial Consumption (mm/min)

0.0081

0.0227

Molar Ratio mM 2,4-DMP/ mM

2.58

oxygen per Minute
The entire operation was carried out in closed buffered (pH-5.6) reactor of 8 mL volume.
Data points were collected for first 20 minutes and have been plotted. The analysis of
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residual concentrations was done following the analytical methods discussed in section
3.4.1.

4.6.3 Addition of Excess Oxygen
Since the availability of oxygen was found to be the main reason for low removal
efficiency (less than 75% removal) at higher DMP concentrations, the effect of adding
dissolved oxygen during reaction by external means was studied in 100 mL batch
reactors containing 4.0 mM substrate. The different techniques used for adding oxygen is
discussed in the following sections.

4.6.3.1 Hydrogen Peroxide Addition
Laccase has some peroxide decaying activity due to the presence of a catalase (Vermette,
2000). In order to increase the dissolved oxygen concentration of the reaction mixture, 1
mM hydrogen peroxide was added at t = 30 minutes following the complete consumption
of oxygen by the enzyme for the oxidation of substrate.
Experiments were carried out with an initial 2,4-DMP concentration of 4.0 mM and other
optimum conditions were maintained. Figure 4.6.3.1.a shows the DO profiles and the
corresponding substrate removal profile along with the control (no hydrogen peroxide)
substrate removal profile are depicted in Figure 4.6.3.1.b. These plots show that, after 5
hours of reaction, both the control and the reactor with hydrogen peroxide reached almost
the same level of removal.
Addition of hydrogen peroxide in the reactor neither improved the dissolved oxygen
content of the solution, nor showed any significant improvement in substrate removal rate
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Figure 4.6.3.1.a: Effect of hydrogen peroxide addition at t = 30 min on dissolved
oxygen availability over time (Enzyme conc. - 0.0175 U/mL, Substrate Conc.- for 4
mM, PEG Conc. -30 mg/1.)
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Figure 4.6.3.1.b: Effect of dissolved oxygen on the removal o f 2,4-dimethylphenol
over time, after hydrogen peroxide addition at t=30 min (Analytical Method - DA)
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when compared to control, with no hydrogen peroxide. Hence, it can be inferred that the
addition of hydrogen peroxide by itself had no influence on the rate of reaction.

4.6.3.2 Hydrogen Peroxide with Catalase Addition
Since hydrogen peroxide addition did not provide additional dissolved oxygen to the
solution, catalase was added along with hydrogen peroxide to expedite the decay of
hydrogen peroxide.
Experiments were carried out under the same conditions as described in the previous
section. One mM of hydrogen peroxide along with 19900 units of catalase were added at
t = 20 minutes. The dissolved oxygen profile is plotted and compared with the control
(without any substrate) in Figure 4.6.3.2.a.

The DO profile of the control shows an

instantaneous large increase in dissolved oxygen concentration following the addition.
The corresponding substrate removal profile is plotted Figure. 4.6.3.2.b and compared
with control (without hydrogen peroxide and catalase addition) and only hydrogen
peroxide addition. It is obvious that addition of hydrogen peroxide with catalase had
significant effect on rate of reaction. This technique was found to be effective in
removing more than 90% of initial substrate concentration after 3 hours of reaction.

4.6.3.3 Higher Rate of Stirring
In order to promote oxygen diffusion at a higher rate from the atmosphere into the
reactor, a stirring rate higher than normally required for enzymatic reaction was used.
This technique was adopted to enhance mass transfer to make an oxygen-rich mixture.
The philosophy behind the technique is as follows.
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Figure4.6.3.2.a: Effect of hydrogen peroxide and catalase addition on dissolved
oxygen profile over time both with and without substrate (Enzyme conc. - 0.0175
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Figure 4.6.3.2.b: Effect of hydrogen peroxide addition, hydrogen peroxide and
catalase addition and control on the removal o f 2,4-DMP over time (Analytical
Method-DA)
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The volumetric mass transfer coefficient, Kl8, is proportional to the surface area of the
gas liquid interface. Hence greater agitation/input energy has a big role in mass transfer.
Greater agitation compared to normal agitation usually requires more input energy to the
system which causes more turbulence and larger surface area. As a result, the larger
surface area of the gas liquid interface enhances the mass transfer (Metcalf & Eddy,
1972).
The stirring rate was increased to about three times that used under normal conditions.
The dissolved oxygen concentration profile is plotted in Figure. 4.6.3.3.a. The
corresponding substrate removal profile is plotted in Figure. 4.6.3.3.b and compared with
control (normal stirring without any addition), only hydrogen peroxide addition and
hydrogen peroxide with catalase addition, . The results show similar effect on rate of
removal as described in the previous section. Only 1% remaining DMP was found in the
solution after 3 hours of reaction.

4.6.3.4 Bubbling Air through the Reactor
Air was bubbled through the reactor as an aid to increase the dissolved oxygen
concentration. The experiment was conducted under similar conditions as followed for
other dissolved oxygen studies discussed earlier. The bubbling was started at t = 10
minutes, soon after the complete depletion of dissolved oxygen and was terminated at t =
90 minutes after more than 95% of initial substrate concentration had been removed.
Figure. 4 .6 .3 .4 .a show s the dissolved oxygen profile obtained from the experim ent. It is

clear from the figure that almost all the initial dissolved oxygen was used up by the
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Figure 4.6.3.3.a. Effect of higher stirring rate on dissolved oxygen profile over time
(Enzyme conc. - 0.0175 U/mL, Substrate Conc.- for 4 mM, PEG Conc. -30 mg/L)
H Normal Condition(no additional oxygen
supplied)
* With H2 O2
—a With H2 O2 and Catalase

5
ejj
a
C
"8
B
<v
6
44
a
vu
u<u
&

1

0 -1
0

With increased Stirring rate

1------------

100

200

“T "
300

“ I
400

Time (minute)

Figure 4.6.3.3.b Effect of hydrogen peroxide addition, hydrogen peroxide and
catalase addition, higher stirring rate and control on the removal of 2,4-DMP over
time (Analytical Method - DA)
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enzyme for conversion in the first 10 minutes which was true for all the studies related to
dissolved oxygen concentration profile. The bubbling of air increased the dissolved
oxygen concentration in the solution to some extent and the rate of oxygen consumption
and the rate of oxygen diffusion were equal for some time and then at about t = 50
minutes the concentration started increasing. The progress curve for substrate removal is
plotted in Figure. 4.6.3.4.b and compared with those discussed in previous sections. It is
clear that the rate of DMP removal was significantly faster than that achieved with the
other methods studied for increasing oxygen concentration, and after 60 minutes of
reaction more than 95% of initial DMP concentration was removed.
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Figure 4.6.3.4.a: Effect of air bubbling on dissolved oxygen profile over time
(Enzyme conc. - 0.0175 U/mL, Substrate Conc.- for 4 mM, PEG Conc. -30 mg/L, Air
bubbling started at t = 10 minutes, terminated at t = 90 minutes)
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Figure 4.6.3.4.b: Effect of hydrogen peroxide addition, hydrogen peroxide and
catalase addition, higher stirring rate, air bubbling and control on the removal of
2,4-DMP over time (Analytical Method - DA)
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4.7 Error Analysis
Experiments were carried out five times with two different sets of - reactors under
optimum reaction conditions in order to determine the reliability of the results. The
experimental design was as follows: pH = 5.2, enzyme concentration - 0..001 and 0.007
U/mL, initial 2,4-DMP concentration =1.0 mM, reaction time = 3 hours at room
temperature. Direct absorbance of UV light at 278 nm was measured for calculation of
residual concentration. The results are given in Table 4.7.1.
Table 4.7.1: Error Analysis of Experimental Results
Sample

Enzyme

2,4-DMP

Concentration(U/mL)

Remaining

Mean

Standard
Deviation

(mM)
1

0.1727

2

0.1795

3

0.001

0.1820

4

0.1708

5

0.1716

6

0.0589

7

0.0655

8

0.007

0.1753

+/-0.0051

0.0615

0.0587

9

0.0618

10

0.0625

+/-0.0029
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The results indicate that the standard deviations for 0.001 U/mL was +/- 0.0051 whereas
for 0.007 U/mL was +/-0.0029, which were 2.9% and 4.8% of the mean, respectively,
and both of them were within an acceptable range.
Reliability of direct absorbance analysis was also examined from the batch reactor
designed as follows.
Substrate concentration - 4 mM, Enzyme concentration - 0.0175 U/mL, PEG - 30 mg/L
p H - 5 .2 . Five different samples were withdrawn from the reaction at t = 0.5 hours and t
= 3 hours, in order to analyze both high and low absorbance data. The results are listed in
Table 4.7.2.
Table 4.7.2: Error Analysis of Direct Absorbance Methods
Sample

Reaction Time

2,4-DMP

(hour)

Remaining

Mean

Standard
Deviation

(mM)
1

0.7045

2

0.7032

3

0.5

0.7041

4

0.7025

5

0.7075

6

0.3803

7

0.3779

8

3

0.3847

9

0.3799

10

0.3729

0.7044

+A0.0019

0.3791

+/-0.0043
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The results of direct absorbance analysis show a standard deviation of +/-0.0019 at high
absorbance and +/-0.0043 at low absorbance which are 0.27 and 1.13% of the mean,
respectively. These standard deviation values are within an acceptable range.
The reliability of HPLC analysis was checked following the same method as described
earlier. Five different samples of t = lh and t = 3h were analyzed. The results are listed in
Table 4.7.3. The table shows the standard deviation values of +/-0.0010 and +/-0.0004,
respectively, which were 1.25 and 4% of the mean and were within an acceptable range.
Table 4.7.3: Error Analysis on HPLC Methods
Sample

Reaction Time

2,4-DMP

(hour)

Remaining

Mean

Standard
Deviation

(mM)
1

0.0834

2

0.0856

3

1

0.0841

4

0.0840

5

0.0856

6

0.0162

7

0.0141

8

3

0.0140

9

0.0148

10

0.0156

0.0845

+/-0.0010

0.0143

+/-0.0004

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Independent experiments were conducted to verify the reliability of dissolved oxygen
probe. An experiment was designed similar to that described in the experiment for direct
absorbance reliability. Five readings were taken before the enzyme addition. The results
are tabulated in Table 4.7.4. The result shows a standard deviation of +/- 0.04 mg/L,
which was 0.47% of the mean and lies well within an acceptable range.
Therefore it can be concluded that all the results presented in this study are reliable
within acceptable limits.
.Table 4.7.4: Error Analysis of Dissolved Oxygen Probe
Sample

DO Concentration

Mean

(mg/L)
1

8.60

2

8.55

3

8.57

4

8.50

5

8.52

Standard
Deviation

8.55

0.04
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5.0 CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
Laccase (SP-504) catalyzed oxidative polymerization of 2,4-DMP with an objective of
removing at least 90% of the initial 2,4-DMP, after a 3-hour reaction time at room
temperature was investigated in an aqueous batch system. Afterwards, the target removal
was changed to achieve at least 95% of the initial 2,4-DMP concentration. It is inferred
that laccase (SP-504) can be applied for the treatment of synthetic wastewater polluted
with 2,4-DMP. The reaction parameters were optimized and the PEG effect on enzyme
was investigated. A significant effect of PEG was observed and accordingly reaction
parameters were also optimized in the presence of PEG. For higher substrate
concentrations, the effects of supplying additional oxygen to the reactor solutions were
investigated. The following conclusions can be made from this study:
•

The optimum pH for the removal of 2,4-DMP was found to be in the range of 5.2
- 5.8. However, a pH of 5.6 was found to be the best for the separation of solids
after the enzymatic reaction.

•

The optimum enzyme concentrations were determined at optimum pH (based on
95% removal) for different 2,4-DMP concentrations ranging from 1.0 to 5.0 mM
both in the presence and absence of PEG. The results are listed in Tables 4.2 and
4.5.2, respectively..

•

The optimum alum concentration was 180 mg/L at optimum pH and enzyme
concentration. Residual 2,4-DMP concentration

measured by the direct

absorbance method, showed 2-3 % more removal for the filtered samples without
alum treatment as compared to alum-treated samples.
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•

The optimum pH in the presence of PEG was found to be in the same range as in
the absence of PEG. However, a pH of 5.2 was best for solids separation.

•

The optimum enzyme concentration in the presence of PEG was about half that
without the PEG.

•

The optimum PEG concentration (mg/L) was found to be 1 mg/L for more than
90% removal from an initial, 1 mM (122.17 mg/L) concentration of 2,4-DMP.

•

The optimum PEG concentrations as a function of initial substrate concentrations,
ranging from 1.0-5.0 mM was determined. The results are listed in table 4.5.3.

•

Addition of oxygen was required to obtain 95% removal with substrate
concentrations of 4 mM and above. It was observed that, in the presence of
sufficient dissolved oxygen inside the reactor, the initial rate of reaction was
almost the same for all the techniques adopted for adding oxygen. It was further
observed that the initial rate of reaction was not dependent on dissolved oxygen
so long as sufficient oxygen was available. However, after the complete
consumption of dissolved oxygen, the rate became dependent on the rate at which
the oxygen was added to the system. For this study, it is concluded that the
highest rate of oxygen addition was achieved by air bubbling in the mixture,
thereby achieving the highest rate of reaction.

5.2 Recommendations
•

Experiments suggest the potential applicability of laccase (SP-504) for oxidative
polymerization of 2,4-DMP. However the change in activity of the enzyme was
not investigated in this study. Further research should be carried out to check the
activity of enzyme during the time course of reaction.
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•

The optimized PEG for 1.0 mM substrate concentration was 1 mg/L. Though
PEG has no detrimental effect, it is necessary to calculate the amount of residual
PEG in the solution by TOC analysis. Further research is needed to be conducted
to find out the PEG-laccase interaction.

•

Aluminum sulfate, without water, was used for separating the solids from the
solution in small batch reactors. Further research should be conducted for
continuous-flow, larger tank volume and real wastewater contaminated with 2,4DMP.

•

The effect of temperature and reaction time on the stability of enzyme should be
studied.

•

The supply of additional oxygen by hydrogen peroxide addition with catalase and
by air bubbling should be carried out for continuous-flow reactors and real
wastewater containing 2,4-DMP.

•

The diffusion of oxygen from the atmosphere to the reaction mixture was
enhanced by applying higher stirring rate. For industrial applications further
research should be carried out to determine the input energy for real wastewater.

•

For

a

full-scale

industrial

application

of enzymatic

treatment,

product

identification is necessary. Though 95% removal of toxic 2,4-DMP was achieved
in batch systems, low toxicity of the final product of enzymatic conversion should
be confirmed.
•

The main source of 2,4-DMP is refinery waste. Other isomers of DMP are also
reported to be present in that particular waste stream. Industrial wastewater with
such a matrix should be treated with laccase (SP-504) to determine the
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effectiveness of enzyme. Other pollutants may hinder the activity of enzyme for
the removal of 2,4-DMP.
•

Finally a decision matrix based on technical and financial aspects should be
prepared as a proposal to industry for the method’s implementation.
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APPENDIX - A
Aromatic Substrate Assay
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1.0 General
This is one of the analytical methods used to measure the concentration of aromatic
substrate in aqueous sample. In this method direct absorbance of UV light is used for the
concentration calculation. A peak wavelength of 278 nm was used for measuring the
absorbance.
2.0 Procedure
In a quartz semi-micro cuvette raw 2,4-DMP or 2,4-dimethylphenol and deionized water
to a total volume of 1000 pL was used for the measurement. Concentrations were
expressed in mM, where one mM represents 122.17 mg/L.
3.0 Calculations
Absorbance data were transferred to the proper units with the help of calibration curve
discussed below.
1.0 General
In this section discussions are made on typical standard curves obtained for the aromatic
compound studied following B eer’s law fit.
Beer’s law states that
A = eSL
Where,
A = Absorbance
e = M olar extinction coefficient ( M -l cm-1)
S = Concentration (M)
L = Length of the path of light traveled (cm)
The quartz semi-micro cuvette used in this research had a path length of 1 cm.
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2,4-DMP
Sample: 2,4-DMP
Solvent: Distilled water
Concentration unit: mM
Wavelength used: 278 nm
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Equation Y = 1.8429 X + 0.005
Where,
Y = Absorbance at 278 nm.
X = 2,4-DMP concentration (mM)
R2 = 0.9998

Calibration Curve for 2,4-DMP according to the Beer’s Law Fit.
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APPENDIX-B
2,4-DMP Calibration Curve by HPLC Analysis
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1. General
In this section discussions are made on typical standard curves obtained for the aromatic
compound studied following HPLC (both peak area and peak height) method of analysis.

Analysis Constituents:
Sample: 2,4-DMP
Solvent: Acetonitrile 60% and acetic acid (0.1% v/v) 40%.
Flow rate: 1 mL/min
Concentration unit: mM
Wavelength used: 278 nm
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Equation Y = IE +06 X + 4433.4
Where,
Y = Peak area in qV*Sec.
X = 2,4-DMP concentration (mM)
R2 = 0.9999
Calibration Curve for 2,4-DMP according to the HPLC (peak area) method of analysis.
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Equation Y = 207427 X + 346.56
Where,
Y = Peak height in |iV.
X = 2,4-DMP concentration (mM)
R2 = 0.9998
Calibration Curve for 2,4-DMP according to the HPLC (peak height) method of analysis..
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